Abstract. Owing to its low neutron absorption cross-section, large scattering cross section and thermal and chemical stability, graphite is a key component of operational nuclear reactors where it is used as a moderator, reflector and as major structural component for 90% of current UK nuclear plants. It is also of interest for use in developing the future high temperature gas-cooled reactors. The properties of the nuclear graphite are influenced by its structural characteristics, which change as a function of neutron irradiation, temperature and oxidation. The principal structural changes during neutron irradiation that affect the integrity and dimensions of nuclear graphite components, thereby affecting service lifetime, are that the a-axis contracts and the c-axis expands in the crystallites. Characterization of virgin graphite structure and of the damage evolution after irradiation of nuclear graphite has an important role to play in the understanding and development of materials used in current and future nuclear reactors, respectively.
Introduction
Graphite is a key component of operational nuclear reactors where it is used as a moderator, reflector and for other structural components in 90% of current UK nuclear plants and is proposed for use in future high temperature gas-cooled reactors.
Inside a reactor, fast neutron irradiation significantly changes the crystallite size and influences bulk property changes. The solidity and working life of reactor components is influenced by dimensional change, by creep and weight loss, amongst other properties [1] . These effects however are not completely understood and the body of current data regarding irradiation of nuclear graphite is incomplete.
Graphite is used as a moderator due to its low absorption cross section and high scattering cross section compared to other materials. Neutron impact leads to carbon atom displacements which damage the graphite lattice and change the crystallite size and spacing [1, 2] . Characterization of the virgin nuclear graphite structure and of the evolution of damage after irradiation has an important role to play in developing a comprehensive understanding of the working behaviour of current nuclear graphite. This will also have a major role in the development of material for use in future nuclear reactors.
This work aims to characterise two types of graphite in terms of differing crystallinity using techniques such as Raman spectroscopy, X-ray diffraction (XRD) and electron microscopy. The graphite employed are from two Gen I and Gen II UK nuclear plants materials, namely; "Pile Grade A" (PGA) and "Gilsocarbon" (GIL). Both of these materials are based on a filler and a binder, petroleum coke and asphalt coke as a filler in PGA and GIL respectively, mixed and formed with pitch binder, then baked and finally graphitised at high temperature (~3000° C).
Experimental
The samples of PGA and GIL were machined with a Struers Accutome-2 cutting machine at a speed of 1200rpm/sec for Raman spectroscopy, XRD and Scanning Electron Microscopy (SEM) analyses, while for Transmission Electron Microscopy (TEM), samples were either ground, dispersed in acetone and drop cast onto a carbon grid or using Focused Ion Beam (FIB) sections made in an FEI Nova200.
For SEM studies an FEI XL30 was used operating at 3keV while TEM analysis was conducted on an FEI Tecnai F20 FEG-TEM operating at 200kV and equipped with a CCD camera. Raman spectra were collected from 1cm thick sample slices using a commercial Renishaw Invia micro-Raman spectrometer equipped with a CCD detector and a modified optical microscope. The spectra were recorded for 10 sec/acquisition with a number of 10 acquisitions/sample. We used a 514.5nm Ar/Kr ion laser with P=25mW and a 50X objective lens for focusing the laser light onto the samples. X-ray diffraction patterns were recorded on a Philips X'Pert diffractometer, making use of a copper X-ray source (λK α1 = 0.15405 nm) and working in θ-2θ mode with X'pertCollector software.
Results and discussion
The characterization of the two nuclear graphites that we studied (PGA and GIL) began with the morphology characterization. It was observed by SEM, that the porosity is very high (~20% after impregnation with pitch and 25% before that) [1] , with GIL having a slightly lower porosity (with a density ~1.81g/cm 3 ) compared with PGA (density ~1.74/cm 3 ). Also the coke particles look different in shape and size with PGA showing needle shaped filler particles relative to GIL (Fig.1) , this aspect is due to differences in manufacturing procedure and materials used. The differences between PGA and GIL are that PGA has anisotropic properties as it is made using extrusion which imparts preferred orientation to the coke particles, while GIL is semi-isotropic, made by moulding of particles which have an "onion" like structure with random orientation
The pores observed were distinctive for both the filler and binder. For the filler part of the graphite, highlighted with dotted circles (Fig.1 C-D) , elongated pores follow the structure of the filler particles, needle-shape particles for PGA (Fig.1 C) and onion likecircular structures for GIL (Fig.1 D) .
Raman analysis of both graphites was used in order to determinate the disorder present inside the structure. Two peaks could be observed that are characteristic of (nuclear) graphite [4] : the D peak (disorder ~1354cm -1 ) and the G peak (order ~1583cm -1 ). A second order feature could also be detected (~2708cm -1 ) for both samples. The ratio of the intensities of these peaks, I D /I G , was lower for PGA than for GIL (Fig.2) reflecting a larger crystallite size which can be attributed to a textured product. From this ratio it is also The calculated values of L a for PGA and GIL were 21±4nm and 20±11nm, respectively. The difference in standard deviation values may be due to variation in coherence lengths within the samples (presence of filler or binder in the acquiring spot) coupled with the local rather than global nature of this analysis.
XRD was used in order to confirm the Raman results and also to obtain global information regarding crystallite size (coherence length) in the c-and adirections [6] . The coherence lengths in the a direction were 44.8nm for PGA and 47.2nm for GIL, whereas in the c direction the calculated values were 23.7nm for PGA and 35.6nm for GIL. These were calculated using Scherrer's equation (L=Kλ/βcosθ), where the K constants used were: K a =1.84(for a direction) and K c =0.9(for c direction); β represents broadening at half the maximum intensity in radians and θ the angle that corresponds to the measured peak.
Though the L a values obtained from XRD and Raman have the same order of magnitude, there are clear differences between the values derived from the two techniques. The smaller values obtained from the Raman measurement could be due to the fact that the sample was cut and hence a bigger disorder was created which increased the intensity of the D peak and influenced the calculated Raman values for L a .We have used Bright Field (BF) TEM to confirm these values.
TEM of the FIB samples of both PGA and GIL gave information about the internal structure of the materials, and showed curved crystallites surrounding voids (Fig.3) which make measurement of the coherence lengths uncertain. For simplicity we report here measurements taken on the crushed and ground materials shown in Fig. 4 .
The coherence lengths in the c direction (L c ) exhibited a large range: between 2-26 nm for PGA and 2-36nm for GIL. The average of the dimensions of L c measured from TEM (for PGA 10.37.4nm and for GIL 11.29.1nm) were slightly lower than the values from XRD but they showed the same trend with the value for PGA being larger and showing a larger standard deviation than that for GIL. A histogram of the crystallite size data (L a ) from TEM is shown in Figure 5 . Similar to the coherence length in the c direction, the two graphites show a large range in L a . PGA exhibits a range of L a values for the crystallites between 5-80nm and for GIL the range was bigger and lay between 5-200nm or higher. This could explain the discrepancy between Raman, a more local analysing technique, and XRD, a more global analysing technique giving an average value. From the histogram (Fig.5 ) of the L a dimensions measured by TEM, average L a values of 4820nm and 5338nm can be calculated for PGA and GIL, respectively. These are close to the ones calculated from the XRD.
As expected from the comparison between XRD and Raman, the L a values calculated from Raman (PGA L a =21±4nm and GIL L a =20±11nm) were different compared with the ones found by TEM, which could mean that the Raman analysis can only give information regarding the degree of order/disorder in the sample and does not allow precise evaluation of L a as has been suggested.
Conclusions
XRD and Raman investigations of graphite for nuclear applications can provide both global and local information respectively with regards to the order, disorder or crystallite orientation size and spacing. However it is desirable to support these studies with SEM and TEM to understand the details of the microstructure and to minimize ambiguities.
Further investigations of how the structure changes in graphite are influencing the working life of nuclear reactors are needed. Parameters like irradiation duration, dose, gas environment and temperature will be taken in consideration in predicting the failures and operating time of nuclear reactors for further development.
